A fundamental motif in canonical nucleic acid structure is the base pair. Mutations that disrupt base pairs are typically destabilizing, but stability can often be restored by a second mutation that replaces the original base pair with an isosteric variant. Such concerted changes are a way to identify helical regions in secondary structures and to identify new functional motifs in sequenced genomes. In principle, such analysis can be extended to non-canonical nucleic acid structures, but this approach has not been utilized because the sequence requirements of such structures are not well understood. Here we investigate the sequence requirements of a Gquadruplex that can both bind GTP and promote peroxidase reactions. Characterization of all 256 variants of the central tetrad in this structure indicates that certain mutations can compensate for canonical G-G-G-G tetrads in the context of both GTPbinding and peroxidase activity. Furthermore, the sequence requirements of these two motifs are significantly different, indicating that tetrad sequence plays a role in determining the biochemical specificity of Gquadruplex activity. Our results provide insight into the sequence requirements of G-quadruplexes, and should facilitate the analysis of such motifs in sequenced genomes.
INTRODUCTION
G-quadruplexes are four-stranded nucleic acid structures stabilized by G-G-G-G tetrads (1) (2) . Growing evidence suggests that these structures play widespread biological roles in eukaryotes (3) (4) (5) . Cellular processes proposed to be regulated by DNA or RNA G-quadruplexes include transcription (6-7), RNA processing (8) , translation (9) (10) (11) , and mRNA localization (12) . Biochemical studies have also started to reveal details of the mechanisms by which G-quadruplexes promote their cellular functions. More than 30 proteins have been identified that specifically interact with G-quadruplexes in various ways, including examples that bind G-quadruplexes, mediate the folding of G-quadruplexes, and promote the unfolding of Gquadruplexes (13) (14) . A handful of cellular cofactors that bind G-quadruplexes have also been identified (15) (16) (17) (18) . Gquadruplexes that promote several types of peroxidase reactions in the presence of hemin and hydrogen peroxide have also been reported (19) (20) . Consistent with the idea that they play widespread biological roles, G-quadruplexes occur frequently in the genomes of higher eukaryotes. For example, initial bioinformatic studies of G-quadruplexes showed that at least 400 000 sequences with the potential to form such a structure occur in the human genome alone (21) (22) . The development of G-quadruplex specific antibodies has greatly facilitated the study of these structures, especially in the context of cells (23) (24) . For example, experiments using fluorescent antibodies specific for G-quadruplexes have provided additional evidence that such structures form in cellular DNA and RNA (25) (26) (27) (28) . These methods have also provided insight into regulatory roles of G-quadruplexes. For instance, cellular expression of a G-quadruplex antibody alters global gene expression in a way that can be rationalized based on the presence of G-quadruplexes in promoters (29) . Moreover, such experiments have provided additional quantitative information about G-quadruplexes in cells. For example, highthroughput sequencing of genomic fragments purified using a G-quadruplex antibody suggests that at least 700 000 of these structures exist in human cells, including more than 450 000 examples not previously detected by bioinformatics (26, 30) . Taken together, these studies provide strong evidence that G-quadruplexes play important roles in higher eukaryotes.
Although G-quadruplexes occur frequently in genomes, the number of biologically relevant examples is not known. Answering this important question could be facilitated by bioinformatic methods capable of identifying the examples in sequenced genomes most likely to be functional. An approach widely used to address this issue for nucleic acid mo-tifs with conventional duplex structures is comparative sequence analysis ( Figure 1 ) (31) (32) (33) (34) (35) . This method is based in part on the observation that mutational changes at certain positions in sequence alignments of conserved nucleic acid secondary structures typically occur only in the presence of specific mutational changes at a second position in the alignment ( Figure 1B) . Such concerted changes, called covariations, occur because base pairs of roughly the same size and shape can form from different combinations of nucleotides ( Figure 1A ) (36) (37) . Comparative sequence analysis is the most accurate way to predict nucleic acid secondary structures. For example, 97% of the base pairs in the crystal structures of 16S and 23S ribosomal RNA were correctly identified using this method (34) . Comparative sequence analysis has also been used to identify new examples of conserved RNA secondary structures in sequenced genomes. Virtually all known riboswitches were identified using this method (38) (39) , and comparative sequence analysis has also been applied to identify new variants of known motifs such as the hammerhead and HDV ribozymes (40) .
Because comparative sequence analysis is such a powerful method when applied to the characterization of duplex nucleic acid structures, we hypothesized that this approach would also be a useful way to identify biologically relevant G-quadruplexes in sequenced genomes ( Figure 1C and D) . Before we could test this hypothesis, however, the types of compensatory mutations that could occur in the tetrads of G-quadruplexes needed to be characterized. In the work described here we have identified some of these mutations for G-quadruplexes that bind guanosine 5'-triphosphate (GTP) and promote peroxidase reactions. To do this, the central tetrad in a reference G-quadruplex was mutated and each of the 256 possible sequence variants was tested for the ability to bind GTP (17) and to promote a model peroxidase reaction in the presence of hemin and hydrogen peroxide (19) . The ability of the most active of these variants to form G-quadruplex structures was also investigated using circular dichroism spectroscopy (41) (42) . These experiments revealed that, when viewed from the perspective of biochemical activity, G-quadruplex structures are more tolerant to mutations than previously thought. Moreover, the sequence requirements of G-quadruplexes that bind GTP and promote peroxidase reactions are significantly different, indicating that tetrad sequence plays an important role in determining the biochemical specificity of G-quadruplex activity. The information from these mutagenesis experiments was used as a starting point to develop sequence models for G-quadruplexes that bind GTP and promote peroxidase reactions, and these models were used to identify conserved examples of both motifs in the human genome. Taken together, our experiments provide new insights into the sequence requirements of G-quadruplexes and highlight the importance of developing a comprehensive catalog of sequence models for G-quadruplexes with various biochemical activities.
MATERIALS AND METHODS

Reagents
Desalted DNA oligonucleotides were purchased from Sigma. Oligonucleotides were resuspended in Milli-Q water at a concentration of 100 M and used without additional purification. Truncated products could not be detected when oligonucleotides were analyzed by polyacrylamide gel electrophoresis (PAGE). Stock solutions were stored at −20
• C and thawed at room temperature before use. MgCl 2 (catalog number 63068), KCl (catalog number 60128), and HEPES buffer (catalog number 54457) were purchased from Sigma. Stock solutions were prepared by dissolving in Milli-Q water and filtered using 0.22 m filters (VWR catalog number 514-0334). The pH of HEPES solutions were adjusted using KOH (catalog number 221473) purchased from Sigma. Hemin (H9039) was purchased from Sigma. Stock solutions at a concentration of 1.5 mM were prepared by dissolving in dimethyl sulfoxide (DMSO) (Sigma D8418) for 1 h at room temperature. These solutions were stored in the dark at −20
• C and used within one week. ABTS (A1888) was purchased from Sigma. Stock solutions at a concentration of 50 mM were prepared by dissolving in Milli-Q water. Solutions were stored in the dark at 4
• C and used within one day. Hydrogen peroxide (516813) and Triton X-100 (T8787) were purchased from Sigma. Unlabeled GTP (catalog number NU-1014) was purchased from Jena BioSciences, and 32 P-␥ -GTP (185 TBq/mmol) was purchased from MGP (catalog number SCP-402).
Analysis of dimer formation
Oligonucleotides were radiolabeled with 32 P-␥ -ATP and T4 polynucleotide kinase as previously described. 17 Following phenol extraction, unreacted adenosine triphosphate (ATP) was removed from labeling reactions using SigmaSpin columns (Sigma catalog number S5059) and the protocol recommended by the manufacturer. In a typical experiment, stock solutions (100 M of the unlabeled oligonucleotide and ≤2.5 M of the radiolabeled oligonucleotide) were thawed at room temperature. After vortexing, 2 l of unlabeled oligonucleotide was mixed with 5.5 l of water and 2.5 l of radiolabeled oligonucleotide. The solution was then heated at 65
• C for 5 min, cooled at room temperature for 5 min and mixed with 10 l of a solution containing 5 l of 4× aptamer buffer (4 mM MgCl 2 , 800 mM KCl, 80 mM HEPES, pH 7.1), 4.9 l of Milli-Q water and 0.1 l of 2 M GTP. Final concentrations were 10 M of unlabeled oligonucleotide and ≤0.3 M of radiolabeled oligonucleotide in a buffer containing 200 mM KCl, 1 mM MgCl 2 , 20 mM HEPES pH 7.1, and 10 nM GTP. After incubating for 30 min, samples were purified using Centri-Sep spin columns (Princeton Separations catalog number CS-901) and the protocol recommended by the manufacturer. After centrifugation, 2 l of the flowthrough was spotted onto filter paper and analyzed using a Typhoon FLA 9500 phosphorimager. In some cases, samples were also analyzed by native PAGE. To do this, 4 l of 6× gel loading buffer (60% w/v glycerol, 0.15% w/v bromophenol blue, and 0.15% w/v xylene cyanol) was added to each 20 l reaction and 5 l aliquots were analyzed on 10% PAGE gels containing 1× Tris-Borate-EDTA buffer (TBE) and 5 mM KCl. Gels were run at 300 V for 30 min in a buffer containing 1× TBE and 5 mM KCl.
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GTP-binding assays
In a typical GTP-binding assay, a 100 M DNA stock solution (stored at −20 • C) was thawed at room temperature. After vortexing, 2 l was mixed with 8 l of Milli-Q water. The solution was then heated at 65
• C for 5 min, cooled at room temperature for 5 min and mixed with 10 l of a solution containing 5 l of 4× aptamer buffer (4 mM MgCl 2 , 800 mM KCl, 80 mM HEPES, pH 7.1), 4.9 l of Milli-Q water, and 0.1 l of 2 M 32 P-␥ -GTP. Final concentrations were 10 M DNA in a buffer containing 200 mM KCl, 1 mM MgCl 2 , 20 mM HEPES pH 7.1, and 10 nM 32 P-␥ -GTP. After incubating for 30 min, unbound GTP was removed using a Centri-Sep spin column (Princeton Separations catalog number CS-901) and the protocol recommended by the manufacturer. After centrifugation, 2 l of the flowthrough was spotted onto filter paper and analyzed using a Typhoon FLA 9500 phosphorimager. GTP-binding activity was expressed relative to that of the reference construct, which was measured in every experiment. The 32 P-␥ -GTP bound by a random sequence control oligonucleotide was typically undetectable under the conditions of this assay.
Peroxidase assays
In a typical peroxidase assay, a 100 M DNA stock solution (stored at −20
• C) was thawed at room temperature. After vortexing, 5 l was mixed with 7.5 l of Milli-Q water. This solution was heated at 65
• C for 5 min, and cooled at room temperature for 5 min. It was then mixed with 12.5 l of a solution containing 6.25 l of 4× peroxidase buffer (4 mM MgCl 2 , 800 mM KCl, 80 mM HEPES pH 8, 0.2% Triton X-100), 5.75 l Milli-Q water, and 0.5 l of 50 M hemin (made by diluting a 1.5 mM hemin stock solution into DMSO). After incubating for 30 min at room temperature in the dark, this was mixed with 20 l of a solution containing 6.25 l 4× peroxidase buffer (see above), 5 l of 50 mM ABTS, and 8.75 l of water. The resulting solution was transferred to a clear half-area 96-well plate (Corning; Sigma catalog number CLS3695). After adding 5 l of 6 mM hydrogen peroxide, absorption at 414 nm was measured with a plate reader (Tecan Infinite M1000). Final concentrations were 10 M DNA in a buffer containing 200 mM KCl, 1 mM MgCl 2 , 20 mM HEPES pH 8, 0.05% Triton X-100, 0.5 M hemin, 1% DMSO, 5 mM ABTS, and 600 M H 2 O 2 . Peroxidase activity was expressed relative to that of the reference construct, which was measured in every experiment.
Circular dichroism spectroscopy
In a typical circular dichroism experiment, a 100 M DNA stock solution (stored at −20
• C) was thawed at room temperature. After vortexing, 20 l was mixed with 80 l of Milli-Q water. This solution was heated at 65
• C for 5 min, and cooled at room temperature for 5 minutes. It was then mixed with 100 l of a solution containing either 50 l of 4× aptamer buffer (4 mM MgCl 2 , 800 mM KCl, 80 mM HEPES, pH 7.1), 49 l Milli-Q water, and 1 l of 2 M unlabeled GTP or 50 l of 4× peroxidase buffer (4 mM MgCl 2 , 800 mM KCl, 80 mM HEPES pH 8, 0.2% Triton X-100) and 50 l Milli-Q water. Final conditions were 10 M DNA in a buffer containing either 200 mM KCl, 1 mM MgCl 2 , 20 mM HEPES pH 7.1, and 10 nM unlabeled GTP or 200 mM KCl, 1 mM MgCl 2 , 20 mM HEPES pH 8, and 0.05% Triton X-100. Some reactions also contained 0.5 M hemin and 1% DMSO. After incubating for 30 minutes, ECD spectra were measured on a Jasco 815 spectropolarimeter over a spectral range of 200 to 350 nm (for measurements made in aptamer buffer), 210 to 350 nm (for measurements made in peroxidase buffer), or 225 to 400 nm (for measurements made in peroxidase buffer containing hemin). Measurements were made in a quartz cell with a 0.1 cm path length using a scanning speed of 10 nm/min, a response time of 8 s, standard instrument sensitivity and three spectra accumulations. After a baseline correction, spectra were expressed in terms of differential optical density.
Bioinformatics
The human reference genome sequence (build hg19) was scanned using the program PatScan (43) for all 17 nucleotide motifs consistent with the sequence requirements of GTP-binding or peroxidase activity using the models shown in Figure 7 . Both strands were included in the search, and all overlapping hits were included. Next, the 'multiz100way' multi-species alignment of the human reference genome plus 99 other vertebrate genome sequences was downloaded from UCSC (http://genome.ucsc.edu/cgibin/hgTrackUi?db=hg19&g=cons100way), and the corresponding region of this alignment was retrieved for each of the hits identified above. Each of these small alignments was optimized locally by realignment using the SmithWaterman algorithm (44) with parameters set to strongly penalize gaps (the 'gap open' parameter was set to 1000). Next, each of the 99 non-human species was examined to see whether its homologous sequence (extracted from the optimized alignment) was also compatible with the activity of the human sequence, according to the Figure 7 rules. For each hit, the maximal clade was identified in which all species in the clade contained a homologous sequence retaining compatibility with the activity of the human sequence. The number of hits in each maximal clade is shown in Figure 8A for our sequence models of GTP binding and peroxidase activity. For each hit, a consensus sequence within the maximal clade of the hit was determined by taking the most common nucleotide at each position. For each species in the maximal clade, the number of mutations with respect to this consensus sequence was calculated, as well as the number of those mutations occurring within the four positions of the tetrad. Figure 8B and C show maximal-clade alignments, consensus sequences and highlighted tetrad mutations for two example hits.
RESULTS
Tetrad identification in G-quadruplex forming sequences
In the initial stage of the project we performed pilot experiments to identify an appropriate reference construct for sitedirected mutagenesis. The most important requirement of this construct was that it contained at least one tetrad made up of nucleotides that could be unambiguously identified in the primary sequence. For this reason, we focused on sequences that contained sets of exactly three guanosines. Although such sequences can form structures with parallel, antiparallel or mixed-strand topologies ( Figure 2A ) (2), for every structure with three tetrads the central nucleotide in each set of guanosines will also be in the central tetrad of the G-quadruplex. A second requirement was that this construct could bind GTP and promote peroxidase reactions efficiently. A previously characterized sequence with sets of guanosines of the correct size appeared to be a promising candidate ( Figure 2B ) (17) . This sequence binds GTP 700-fold better than a random sequence control oligonucleotide of the same length (17) . It also promotes the oxidation of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) with a rate enhancement of approximately 150-fold under the conditions of our assay ( Figure 2C ). As is the case for other G-quadruplexes that bind GTP (17) and promote peroxidase reactions (45) (46) (47) (48) , the circular dichroism spectrum of this sequence suggests that it adopts a parallelstrand topology ( Figure 2D ). A final requirement was that the reference construct did not form higher order structures (such as dimers) that could complicate interpretation of mutational effects. The extent to which the reference construct was retained in a gel filtration column was similar to that of a typical oligonucleotide of its size (determined by analyzing the retention of a 17 nucleotide random sequence pool), but significantly greater than that of a 17 nucleotide duplex ( Figure 2E ). Furthermore, no evidence for such structures was observed when the reference construct was analyzed by native PAGE (Supplementary Figure S1) .
Identification of mutant tetrads compatible with Gquadruplex formation
To characterize the sequence requirements of this Gquadruplex, each of the 4 4 = 256 possible sequence variants of the central tetrad (corresponding to nucleotides 2, 6, 11, and 15 in the reference construct) were synthesized and tested for the ability to bind GTP using a previously described gel filtration assay ( Figure 3A ) (17) . This revealed an unexpected level of sequence variation compatible with Gquadruplex formation ( Figure 3B ). The clearest trend could be seen when positions 2 and 6 were guanosines. When this was the case, mutants generally retained significant GTPbinding activity regardless of the nucleotides at positions 11 Figure 3B ). In addition, several mutants in which positions 2 and/or 6 were not guanosines could also bind GTP efficiently ( Figure 3B ). After repeating these measurements for the most active mutants identified in the initial screen ( Figure 3B ), 16 variants with GTP-binding activities >20% of that of the reference construct were obtained (Table 1) . Consistent with the idea that GTP-binding activity requires a folded DNA structure, control experiments indicated that these mutants did not bind GTP efficiently when KCl and MgCl 2 were omitted from the reaction buffer (Supplementary Figure S2A) . These 256 mutants were next tested for peroxidase activity by monitoring oxidation of the colorimetric substrate ABTS ( Figure 3C ) (19) . As was the case in the GTP-binding assay, an unexpected level of sequence variation compatible with G-quadruplex formation was observed ( Figure 3D) . A second unexpected finding was that the sequence requirements of peroxidase activity were significantly different than those of GTP-binding ( Figure 3B and D) . This indicates that tetrad sequence plays an important role in determining the biochemical specificity of G-quadruplex activity. The different sequence requirements of these two motifs were most apparent when analyz- Tables  1 and 2 . 
Reported values represent the average ± standard deviation of three experiments. Experiments were performed at 10 M DNA concentration in a buffer containing 200 mM KCl, 1 mM MgCl 2 , 20 mM HEPES pH 7.1, and 10 nM 32 P-␥ -GTP.
ing mutants in which positions 11 and 15 were guanosines. These mutants generally retained significant peroxidase activity regardless of the nucleotides at positions 2 and 6 even though they did not bind GTP efficiently ( Figure 3B and D). After repeating these measurements for the most active mutants, 29 variants with peroxidase activities comparable to that of the reference construct were identified (Table 2 ). In addition to the reference construct, nine of these variants retained the ability to both bind GTP and oxidize ABTS efficiently (Tables 1 and 2 ). As was the case for mutants with GTP-binding activity, these variants oxidized ABTS less efficiently when metal ions were omitted from the reaction buffer (Supplementary Figure S2B) . These results indicate that, when viewed from the perspective of biochemical activity, G-quadruplexes are more tolerant to mutations than previously thought. They also reveal that G-quadruplexes with different biochemical activities can have distinct sequence requirements.
Identification of correlated mutational effects in Gquadruplex structures
To identify correlated mutational effects in this tetrad, we first determined the expected GTP-binding and peroxidase activity of each double, triple, and quadruple mutant using a model in which mutational effects are independent. In this model, the expected effect of a double mutation, for example, is equal to the product of the effects of these two mutations individually. To make these calculations, it was necessary to first determine the effects of point mutations on the ability of the reference construct to bind GTP and to oxidize ABTS. In the case of GTP-binding activity, such changes were not always deleterious ( Figure 4A ). Furthermore, one of these mutations (11G to 11A) significantly increased the GTP-binding activity of the reference construct (Figure 4A) . These results were unexpected because point mutations in G-quadruplex tetrads are typically destabilizing, al- though several recent studies indicate that such changes are not necessarily incompatible with G-quadruplex formation (49) (50) (51) (52) (53) . We next analyzed the effects of each of the 54 possible double mutations, 108 possible triple mutations and 81 possible quadruple mutations on the GTP-binding activity of the reference sequence ( Figure 4B-D) . These experimentally determined values were compared to those expected if the effects of point mutations were independent (indicated by the blue lines in Figure 4B-D) . In the case of the double mutants, ∼60% bound GTP within 5-fold of the value expected for independent mutational effects. Moreover, predicted and observed GTP-binding activities were positively correlated ( Figure 4B ). On the other hand, approximately 30% of mutants bound GTP at least 5-fold more efficiently than predicted, although in many cases the GTP-binding activities of these mutants were low relative to the reference sequence ( Figure 4B ). In contrast to the double mutants, expected and observed GTP-binding activities were only weakly correlated for triple and quadruple mutants (Figure 4C and D) . The activities of most of these mutants were similar, suggesting they had reached a background level of activity. Despite this, several mutants with GTP-binding activities comparable to that of the reference construct were observed among the triple and quadruple mutants. In the case of peroxidase activity, the effects of point mutations were generally smaller than they were on GTP-binding activity ( Figure 4E ). For this reason, the range of expected activities of double, triple, and quadruple mutants was much narrower than for mutants that bound GTP ( Figure 4F-H) .
Although fewer examples of independent mutational effects were observed, most changes were more deleterious than expected. Despite this, several potential compensatory mutations were identified.
Compensatory mutations in G-quadruplex structures
After identification of potential compensatory mutations, several variants were analyzed in more detail using double and triple mutant cycles. These variants were chosen based on both activity (which was required to be >20% of that of the reference sequence) and extent of rescue (which was required to be at least 5-fold higher than expected based on single mutation effects) (Figure 5A ). Among Gquadruplexes that bound GTP, only one variant (containing a G-G-G-G to G-A-T-T mutation) satisfied both of these requirements. The activity of this mutant was 3-fold lower than that of the reference construct, and 11-fold higher than that expected based on multiplying the individual effects of the 6A, 11T, and 15T mutations ( Figure 5B ). When the expected GTP-binding activity of this triple mutant was calculated using other combinations of single and double mutations (the three possible ways to do this are to multiply the effect of the 6A mutation by that of the 11T-15T mutation, to multiply the effect of the 11T mutation by that of the 6A-15T mutation and to multiply the effect of the 15T mutation by that of the 6A-11T mutation), the fold rescue ranged from 5-to 64-fold, with an average of 25-fold (Figure 5B ). Among G-quadruplex variants that promoted peroxidase reactions, two additional compensatory mutants were identified. For each of these mutants, peroxidase activity was 7-fold higher than that expected based on multiplying the effects of single mutations ( Figure 5C ). Although the extent of rescue seen for the mutants identified in our screen is modest compared to that sometimes observed for base pairs (35, 54) , similar effects have been observed for other non-canonical structures such as the CA motif (55) . These results establish that compensatory mutations can occur in the context of G-quadruplexes that bind GTP and promote peroxidase reactions. This could indicate that, as is the case for canonical G-G-G-G tetrads, these variants can establish a hydrogen bond network, but high-resolution structure determined using a method such as X-ray crystallography or NMR will be needed to confirm this hypothesis. They also indicate that different mutations have compensatory effects in each of these two contexts.
Structural characterization of mutants by circular dichroism spectroscopy and native PAGE
To independently test the ability of these mutants to form G-quadruplex structures, selected variants were characterized by circular dichroism spectroscopy. G-quadruplexes exhibit characteristic circular dichroism spectra (41) (42) , and previous results indicate that G-quadruplexes that bind GTP and promote peroxidase reactions have spectra similar to those of parallel strand structures (17, 45-48). Initial Overview of the strategy used to identify compensatory mutations. Variants containing such mutations were chosen based on both activity (which was required to be >20% of that of the reference construct) and extent of rescue (which was required to be at least 5-fold higher than expected based on multiplying single mutation effects). (B) Expected and observed GTPbinding activity for the G-G-G-G to G-A-T-T compensatory change. In each case, expected GTP-binding activity was calculated by multiplying the effects of the mutations that make up the G-G-G-G to G-A-T-T mutant, which are indicated below each pair of measurements. Observed activity is the experimentally measured GTP-binding activity of the indicated mutant. (C) Expected and observed peroxidase activity for the G-G-G-G to G-G-C-C and G-G-G-G to G-G-T-C compensatory changes. In each case, expected peroxidase activity was calculated by multiplying the effects of the individual mutations that make up the G- experiments focused on single mutation variants of the reference construct, because the ability of these sequences to bind GTP and promote peroxidase reactions are often different ( Figure 6A and B). These experiments suggest that each of the 12 single mutant variants of the reference construct we analyzed retain the ability to form parallel strand G-quadruplexes, although in some cases the ability to do so is compromised ( Figure 6C ). We also analyzed variants with the highest GTP-binding and peroxidase activities (Supplementary Figure S3 ). This revealed that the most active examples of both types of motifs have spectra consistent with parallel strand G-quadruplex structures, even though some of these sequences contain mutations in two different positions in the central tetrad (Supplementary Figure  S3) . Because the buffers used for GTP-binding and peroxidase assays are slightly different, we also compared circular dichroism spectra measured in these two conditions. For each variant characterized in this way, spectra were similar or virtually indistinguishable, suggesting that the distinct sequence requirements of G-quadruplexes that bind GTP and promote peroxidase reactions are not due to minor differences in the assay conditions ( Supplementary Figure S4) . Control experiments also indicate that the hemin cofactor used in the peroxidase reactions does not change the circular dichroism spectrum of these G-quadruplexes at the concentrations used in the assay ( Supplementary Figure S5 ). Taken together, these results provide additional support for the idea that the sequence requirements of Gquadruplexes should be expanded to include variants with mutated tetrads. We also investigated whether, like the reference construct, these variants form monomeric structures. To do this, each mutant with GTP-binding or peroxidase activity above our cutoff for significance was analyzed by native PAGE. The position of each construct in the gel was compared to two markers: a random sequence pool of the same length as these G-quadruplexes, and a duplex formed from two complementary strands of the same length as these G-quadruplexes. Approximately 30% of these mutants only formed monomers, and in about 70% of cases the monomer was the main structure (Supplementary Figures   S6 and 7) . Evidence for at least two other types of structures was also observed (Supplementary Figures S6 and 7) . The mobility of one of these structures was similar to that of the duplex marker, and the mobility of the other was significantly reduced relative to single-stranded and doublestranded markers (Supplementary Figures S6 and 7) . Establishing the relationship between these structures and those responsible for biochemical function is not straightforward. This is partially because conditions during native PAGE are considerably different from those during assays for GTPbinding and peroxidase activity. In addition, because DNA concentrations during our assays (10 M) are significantly higher than those of both GTP (10 nM) and hemin (500 nM), it is possible that the predominant structure in solution is different from the biochemically active one. Despite these caveats, these results are consistent with the idea that many of these mutants are active as monomers. At the same time, they raise the possibility that in some cases biochemical function could be mediated by higher-order structures.
Sequence models for G-quadruplexes with specific biochemical functions
After identifying mutations that do not disrupt function when present in the central tetrad of G-quadruplexes that bind GTP and promote peroxidase reactions, we used this information to develop sequence models for each of these motifs. To do this, we first determined whether mutational effects were similar in 5', central and 3' tetrads. In the case of G-quadruplexes that bind GTP, 5 of these 16 mutations could be transplanted to the 5' tetrad and 9 of these mutations could be transplanted to the 3' tetrad without significantly impairing function ( Figure 7A ). We next investigated whether motifs could contain multiple mutated tetrads. In the case of G-quadruplexes that bind GTP, this was not always the case (Supplementary Figure S8) , so such sequences were excluded from our model. A final consideration was the sequence requirements of spacer nucleotides. Although previous studies suggest that such spacer sequences have few constraints (21) (22) , in our model we allowed spacers to be A, C or T but not G. This was necessary so that guanosines in the 5', central and 3' tetrads could be unambiguously identified. Of the 7533 possible sequences that satisfy the requirements of our final model ( Figure 7B ), 10 randomly chosen examples were tested for the ability to bind GTP. The activity of each of these sequences was >20% of that of the reference construct ( Figure 7C ), and for 9 out of 10 examples this value was within 5-fold of that predicted using a model in which spacer sequence has no effect on GTP-binding activity ( Figure 7C ). Similar analysis indicated that, in the case of G-quadruplexes that promote peroxidase reactions, mutations that could occur in the central tetrad were also usually tolerated in flanking tetrads ( Figure 7D ). As was the case for G-quadruplexes that bind GTP, variants that contained multiple mutated tetrads were in some cases not active and such sequences were therefore excluded from our model (Supplementary Figure S9) . In addition, although point mutations in spacers had virtually no effect on the ability of G-quadruplexes to promote peroxidase reactions (Supplementary Figure S10) , variants that contained multiple mutations in spacers were not necessarily active (Supplementary Figure S11) . For this reason, our final model allowed sequences to contain at most one mutation in the spacer ( Figure 7E ). Of the 946 possible sequences that satisfy the requirements of this model, 30 were tested for the ability to promote peroxidase reactions. The activities of 27 of these 30 sequences were >20% of that of the reference construct, and the activities of all 30 examples were within 5-fold of that predicted using a model in which single mutations in the spacer sequence have no effect on peroxidase activity ( Figure 7F ). Taken together, these experiments provide additional evidence that G-quadruplexes that bind GTP and promote peroxidase reactions have distinct sequence requirements. In addition, the sequence models generated based on these experiments enable bioinformatic searches for G-quadruplexes that bind GTP and promote peroxidase reactions to be performed in a more sensitive and specific way than previously possible.
Identification of evolutionarily conserved G-quadruplexes in the human genome
After developing sequence models for G-quadruplexes that bind GTP and promote peroxidase reactions, we performed bioinformatic searches for each of these motifs in the human genome. A total of 10 581 G-quadruplexes that bind GTP and 1809 G-quadruplexes that promote peroxidase reactions were identified in this analysis ( Figure 8A ). The fraction of these examples that contained canonical (G-G-G-G) tetrads was 8.6% for G-quadruplexes that bind GTP and 4.3% for G-quadruplexes that promote peroxidase reactions. Similar results were obtained when more stringent cutoffs for activity were used. For example, when only sequences with activities >50% of that of the reference construct were considered, 9590 G-quadruplexes that bind GTP and 1111 G-quadruplexes that promote peroxidase reactions were identified in the human genome, and when the cutoff for activity was increased to >75% of that of the reference construct, 7999 G-quadruplexes that bind GTP and 754 G-quadruplexes that promote peroxidase reactions were obtained. Approximately 20% of these motifs were conserved in Hominoidea, and 0.25% were conserved in primates ( Figure 8A ). Although these conserved examples are intriguing, we cannot make a strong statement about their biological relevance because randomly scrambled versions of these motifs were conserved at about the same frequency. A different way to evaluate the significance of conservation is to consider the number of mutations in the alignment of each conserved motif consistent with GTP binding or peroxidase activity. Because in most cases arbitrary mutations are unlikely to be consistent with these sequence requirements, alignments of conserved G-quadruplexes with a higher number of mutations are less likely to occur by chance than those with fewer mutations. This is especially true for cases in which mutations occur in tetrads: based on our data, the probability of such a mutation being compatible with function is 16/255 = 0.06 for G-quadruplexes that bind GTP and 29/255 = 0.11 for G-quadruplexes that promote peroxidase reactions. Of the 3107 conserved Gquadruplexes we identified in Hominoidea that bind GTP, 12% contained mutations in tetrads consistent with the sequence requirements of GTP-binding. Similarly, of the 684 conserved examples we identified in Hominoidea that promote peroxidase reactions, 6% contained mutations in tetrads consistent with the sequence requirements of peroxidase activity ( Figure 8B and C). We suggest that these examples represent the strongest candidates for biologically relevant G-quadruplexes that bind GTP or promote peroxidase reactions.
DISCUSSION
In this study we characterized the sequence requirements of G-quadruplexes that bind GTP (17) and promote peroxidase reactions (19) , and used this information to analyze the evolutionary conservation of these motifs in the human genome. One of our major conclusions is that, when viewed from the perspective of biochemical activity, G-quadruplexes are surprisingly tolerant to the effects of mutations in tetrads. Previous studies have shown that both point mutations and bulges in tetrads are destabilizing to G-quadruplex structures based on parameters such as melting temperature and G (49) (50) (51) (52) (53) . For this reason, current sequence models of G-quadruplexes require nucleotides in tetrads to be guanosines (21) (22) . On the other hand, these studies also indicate that sequences containing mutated tetrads can still typically form G-quadruplexes to some extent. In some cases, such non-canonical tetrads have also been observed in high-resolution structures. For example, A-A-A-A, C-C-C-C, T-T-T-T, A-T-A-T, G-C-G-C and U-U-U-U tetrads have all been reported to occur in G-quadruplexes (56) (57) (58) (59) (60) (61) (62) . Our study investigated mutational effects in tetrads from a different perspective by focusing on biochemical activity rather than thermal stability. When analyzed in this way, the results show that Gquadruplexes are more tolerant to mutational effects than is currently thought. Since the biochemical activity of Gquadruplexes is the phenotype most likely to be preserved by natural selection, we suggest that using sequence models that incorporate these expanded sequence requirements will significantly improve detection of these structures in sequenced genomes.
